Introduction {#S0001}
============

The aetiology and underlying mechanism of thromboangiitis obliterans (TAO) remain unknown.[@CIT0001] It also remains unknown whether TAO is a type of systemic vasculitis or a peripheral vascular disease.[@CIT0001] In addition, until recently, no marker for evaluating the severity of TAO had been suggested.

Interleukin-33 (IL-33), a member of the IL-1 cytokine family, is emerging in terms of its recognition as a regulator of immune responses and inflammatory vascular diseases.[@CIT0002] Notably, endothelial cells are one of the main targets of IL-33 in regulating inflammation.[@CIT0003]--[@CIT0005]

Soluble ST2 (sST2) is a decoy receptor for IL-33. It is produced by ﬁbroblasts underneath the vascular endothelium.[@CIT0005] It appears that sST2 is only released into circulation upon disruption of the endothelial layer, in which case sST2 would be indicative of the extent of tissue injury.[@CIT0005] A high level of sST2 and its correlation with disease severity in patients with vasculitis, such as systemic lupus erythematosus, advanced systemic sclerosis, Wegener granulomatosis and Behcet's disease, have been reported.[@CIT0006],[@CIT0007]

In this study, IL-33 and sST2 were evaluated in TAO patients as molecules involved in inflammation, cell damage, fibrosis and angiogenesis.

Methods {#S0002}
=======

Patients with a clinical diagnosis of TAO, according to Shionoya's criteria (including disease onset before the age of 50, history of tobacco use, infrapopliteal arterial occlusion, either upper limb involvement or phlebitis migrans, and absence of atherosclerotic risk factors other than smoking)[@CIT0008] with imaging confirmation were enrolled in the study from February 2016 through August 2017. All patients and controls signed a written informed consent form. The study was conducted in accordance with the Declaration of Helsinki and it was approved by the National Ethics Committee for Clinical Research of the Health Ministry (IR.MUMS.MEDICAL.REC.1398.640).

Patients who experienced pain at rest, painful ischemic ulcers, gangrene or progressive claudication were included in a study group designated as being in the acute phase of TAO. The quiescent phase group comprised patients with a prior history of hospital admissions who were called and invited to participate in the study after undergoing a physical exam. Both groups of patients were matched by age and smoking habit, according to the influence of age and smoking on the serum levels of IL-33 and sST2. Additionally, two control groups of healthy smokers and non-smokers were included who were matched according to age, gender and smoking habit.

IL-33 and sST2 were evaluated by the enzyme-linked immunosorbent assay (ELISA) method (ZellBio GmbH, Ulm, Germany). The Statistical Package for the Social Sciences (SPSS) version 11.5 (SPSS Inc., Chicago, IL, USA) was used for the analysis of the patient data. The descriptive data are presented as mean ± standard error. According to the distribution of the data, independent *t*-test, ANOVA and mann whitney *u*-test were used.

Results {#S0003}
=======

A total of 50 serum samples from patients who had been clinically diagnosed with TAO in addition to 20 healthy smokers and 19 non-smoker controls were selected for the current study. All TAO patients were active smokers. Of the 50 TAO patients, 22 were in the acute phase of the disease, whilst 28 patients were in the quiescent phase. All patients and controls were Caucasian men and current smokers at the time of blood sampling.

The chief complaints amongst the TAO patients in the acute phase were burning pain at rest (9.2%), toe or limb gangrene with rest pain (54.5%) and non-healing ulcer with pain (36.3%).

The mean ages of the patients in the acute group, the quiescent phase group and the smoker and non-smoker control groups were 40.6 ± 1.1, 43 ± 1.8, 40.3 ± 0.5 and 41.6 ± 1.4 years, respectively. No significant differences were observed relative to age amongst the studied groups (*P* = 0.34). The mean number of cigarettes smoked per day in the acute phase group was 17.7 ± 1.2 versus 18.9 ± 3.3 in the quiescent phase group and 18.8 ± 0.79 in the heathy smokers control group. No significant differences in terms of cigarette consumption were found amongst the groups (*P* = 0.85).

The mean level of IL-33 in the TAO patients was 370.2 ± 61.7ng/mL. In the smoker control group, it was 132.14 ± 2.6ng/mL, and in the non-smoker control group, it was 11.3 ± 0.38ng/mL ([Figure 1A](#F0001){ref-type="fig"}). However, the IL-33 serum level was significantly higher in the TAO patients than in either control group (p \< 0.001). Also, the serum level of IL-33 was significantly higher in the smoker controls than in the non-smokers (p \< 0.001).Figure 1(**A**) Serum level of IL-33 in TAO, smoker and non-smoker groups. (**B**) Serum level of IL-33 in active and quiescent phase of TAO. (**C**) Serum level of IL-33 in TAO patients with clinical manifestation of gangrene, non-healing ulcer, pain at rest and unchanged claudication. The numbers inside the figure are associated to the patients and controls' code.

The mean level of IL-33 in the acute phase patients was 583 ± 136ng/mL, whilst in the quiescent phase group, it was 242 ± 23ng/mL ([Figure 1B](#F0001){ref-type="fig"}). Interestingly, IL-33 in the acute phase group was significantly higher than in the patients in the quiescent phase of the disease (*p* = 0.019). At the same time, the mean serum level of IL-33 in the patients with gangrene was significantly higher than in the patients with non-healing ulcers (*p* = 0.021) ([Figure 1C](#F0001){ref-type="fig"}).

The mean serum level of sST2 in the TAO patients was 49.3 ± 5.58ng/mL. In the smoker controls, it was 45.3 ± 6.3ng/mL, and in the non-smoker controls, it was 4.11 ± 0.17ng/Ml ([Figure 2A](#F0002){ref-type="fig"}). No significant difference was found between the patients and smoker control groups (*p* = 0.87). However, sST2 was significantly higher in the TAO patients and the smokers in comparison with the non-smoker controls (*p* \< 0.001).Figure 2(**A**) Serum level of sST2 in TAO, smoker and non-smoker groups. (**B**) Serum level of sST2 in active and quiescent phase of TAO. (**C**) Serum level of sST2 in TAO patients with clinical manifestation of gangrene, non-healing ulcer, pain at rest and unchanged claudication. The numbers inside the figure are associated to the patients and controls' code.

The sST2 levels in the patients in both the acute and quiescent phases were 46.7 ± 9.8ng/mL and 51.8 ± 5.8ng/mL, respectively ([Figure 2B](#F0002){ref-type="fig"}). No significant difference in the serum level of ST2 in the patients in the acute phase of the disease in comparison with the patients in the quiescent phase was found (*p* = 0.21). In addition, the level of sST2 in the patients with gangrene was 46.1 ± 15.3ng/mL, whilst in the patients with chronic ulcer, it was 58.2 ± 5.08ng/Ml ([Figure 2C](#F0002){ref-type="fig"}). No significant difference was found between the serum level of ST2 according to clinical manifestation (*p* = 0.58). Notably, no correlation between IL-33 and sST2 was found (*p* = 0.17).

The mean ratio of IL-33/sST2 was 27.89 ± 10.44 in the TAO group. The mean ratios of IL-33/sST2 in the smoker and non-smoker control groups were 2.85 ± 0.48 and 2.84 ± 0.14, respectively ([Figure 3](#F0003){ref-type="fig"}). No significant difference between the ratios of the two control groups was found (*p* = 0.9). However, the ratio was significantly higher in the TAO patients in comparison to both control groups (*p* \< 0.001).Figure 3Ratio of Il-33/sST2 in TAO, smoker and non-smoker groups. The numbers inside the figure are associated to the patients and controls' code.

Notably, according to previous studies regarding the evaluation of IL-17, toll-like receptor 4 (TLR4), neopterin and high sensitivity C-reactive protein (hsCRP) on the same TAO samples,[@CIT0009],[@CIT0010] there was a significant negative correlation between IL-33 and IL-17 (p = 0.041, CC = −0.42). Also, the IL-33 level was 459 ± 125.5ng/mL in CRP-negative patients and 222.6 ± 11.26ng/mL in CRP-positive patients (p = 0.017, Z = −2.38). However, there was a significant positive correlation between IL-33 and TLR4 (p \< 0.001, CC = 0.6). Also, the serum level of IL-33 was 909.3 ± 490.7ng/mL in neopterin-negative patients and 320.3 ± 64.2ng/mL in neopterin-positive patients, which was significantly higher in neopterin-negative patients during the active phase of the disease (p = 0.024).

Discussion {#S0004}
==========

This study demonstrated the significant elevation of serum IL-33 levels without an increase in the serum levels of sST2 in TAO patients, particularly those in the acute phase of the disease, in comparison to healthy smokers. IL-33 is predominantly expressed by stromal cells, including endothelial cells.[@CIT0003] Smoking and oxidative stress will lead to both over-expression of IL-33 and vascular endothelium damage, which could lead to the release of IL-33.[@CIT0011],[@CIT0012] The IL-33 can activate the ST2 receptor complex on a variety of immune cells or it can be neutralised by binding to sST2.[@CIT0013]

Notably, smoking not only influences the level of IL-33 but also increases the sST2 level.[@CIT0014] In our study, smoking habit was matched between the patients and smoker controls, and both groups had significantly higher levels of sST2 than non-smokers. Although the level of IL-33 was significantly higher in the TAO patients in comparison to the smokers, no difference was found between the sST2 levels of the TAO patients and the smokers. In the healthy smokers and non-smokers, the mean of the IL-33/sST2 ratio was almost equal. This represents a balance between IL-33 and sST2 in the healthy control groups.

Also, IL-33 can induce angiogenesis by stimulating endothelial nitric oxide production.[@CIT0015] Therefore, a high level of IL-33 might be a defensive mechanism of TAO patients due to vascular obliteration. However, ineffective angiogenesis has been indicated in TAO.[@CIT0016] Owing to the reports of a low level of nitric oxide in TAO patients due to polymorphism in the promoter region of endothelial nitric oxide synthesis, a high level of IL-33 may not induce angiogenesis.[@CIT0017],[@CIT0018]

Moreover, in autoimmune diseases, such as systemic lupus erythematosus (SLE), the level of IL-33 in the acute phase is high, but there is no difference in this level between quiescent phase patients and control groups.[@CIT0007] However, in the current study, the level of IL-33 was significantly higher in both the acute and quiescent phases of TAO in comparison to the controls. Unlike with IL-33, there was no significant difference between the levels of sST2 in the quiescent phase group and the control group, perhaps due to the preserved architecture of the vessels in TAO[@CIT0019] in comparison to other types of vasculitis, since ST2 can be released into circulation upon disruption of the endothelial layer. This result demonstrates a different regulation pattern of IL-33 and sST2 between TAO and autoimmune diseases like SLE. Thus, this difference can be considered a differential marker that can help to distinguish between these two diseases. In addition, the existence of considerable levels of IL-33, even in the quiescent phase, implies the presence of a pathogenesis mechanism, or an interaction between host and a trigger more likely an infection. Notably, footprints of infectious pathogens, including Rickettsia and oral bacteria, have been reported.[@CIT0020]--[@CIT0022]

It has also been demonstrated that IL-33 participates in balancing IL-10 and IL-17 and consequently leads to T helper 2 (Th2) differentiation.[@CIT0023] In this study, the levels of IL-33 had a significant negative correlation with IL-17 in the active phase of the disease. Also, IL-33 was significantly lower in neopterin-positive patients. Neopterin is a marker of T helper 1 (Th1) type cellular immunity.[@CIT0024] However, in the quiescent phase of the disease, IL-33 had no correlation with IL-17 or neopterin levels. Moreover, it has been demonstrated through the interaction of TLR4 and IL-33/ST2 signalling that Th2 response can be developed.[@CIT0025],[@CIT0026] Notably, a significant positive correlation between IL-33 and TLR4 in the TAO patients was found in this study. In addition, a single nucleotide polymorphism (SNP) in MyD88 as a key factor of TLR4 signalling pathway has been reported in TAO patients. This polymorphism along with smoking could induce the expression of IL-33 by vascular endothelium and consequently shift the immune response from Th1 to Th2 type.[@CIT0027]

Therefore, it appears that the high level of IL-33 in the active phase of TAO leads to the immune response to Th2 type, which might not be a favourable response if any intercellular pathogen plays a role in TAO pathogenesis ([Figure 4](#F0004){ref-type="fig"}). However, Th2-type immune response is protective against atherosclerosis.[@CIT0028] Therefore, the absence of atherosclerotic plaques in the angiography of TAO patients might be due to the high level of IL-33 in these patients.Figure 4The TLR4-IL-33-sST2 axis in Thromboangiitis obliterans. The colour red and blue represent increased and decreased serum level of the mediators, respectively. (**A**) The serum level of TLR4 and IL-33 are significantly higher in the patients in active phase of the disease. According to the level of sST2, the interaction between TLR4 and free IL-33, leads to the immune response to Th2 type, which might not be a favourable response if any intercellular pathogen plays a role in TAO pathogenesis such as Rickettsia infection. (**B**) In the quiescent phase of the disease, the level of free IL-33 is low. Therefore T cells would not intend to differentiate to Th2 and consequently, Th1 and Th17 are more likely developed.

In the quiescent phase of TAO, the mean levels of IL-33 were significantly higher in CRP-negative patients than in the CRP-positive patients. Therefore, it would appear that IL-33 plays an anti-inflammatory role in TAO patients. This anti-inflammatory effect of IL-33 could be harmful if TAO is an infectious disease. On the other hand, it could be beneficial if TAO is an autoimmune disease. Owing to the fact that the level of IL-33 was significantly higher in the patients with gangrene and that TAO patients with high IL-33 had poor outcomes, it appears that the main underlying mechanism of TAO is an infection, not autoimmunity.

Conclusion {#S0005}
==========

In conclusion, a significantly high level of IL-33/sST2 ratio was observed in TAO patients in both the active and quiescent phases of the disease in comparison to both the smoker and non-smoker control groups. According to the literature search, the regulation pattern of IL-33/sST2 was different in TAO in comparison to autoimmune vasculitis, such as SLE. Also, our findings demonstrated that IL-33 had an anti-inflammatory effect in TAO patients. Because the higher level of IL-33 was detected in the patients with gangrene and tissue loss, TAO appears more likely an infectious disease as opposed to an autoimmune disease. Also, a high level of IL-33 can lead to Th2-type immune response in TAO patients, which does not appear to be a good response toward intracellular pathogens, such as Rickettsia. Therefore, the active phase of TAO might be due to changing the type of immune response from mainly Th1 to Th2 toward an intracellular pathogen. Further studies to evaluate this hypothesis are highly recommended.
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